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ABSTRACT
The vertical structure and dynamics of stars in our local Galactic neighbourhood
contains much information about the local distribution of visible and dark matter and
of perturbations to the Milky Way disc. We use data on the positions and velocities
of stars in the solar neighbourhood from Gaia DR2 and large spectroscopic surveys
to investigate the vertical number counts and mean-velocity trend as a function of
distance from the local Galactic mid-plane. We perform a detailed measurement of
the wave-like North-South asymmetry in the vertical number counts, which reveals
a number of deficits at heights ≈ 0.4 kpc, ≈ 0.9 kpc, and ≈ 1.5 kpc, and peaks at
≈ 0.2 kpc, ≈ 0.7 kpc, and ≈ 1.1 kpc. We find that the asymmetry pattern is independent
of colour. The mean vertical velocity is almost constant to < 1 km s−1 within a few 100
pc from the mid-plane and then displays a North-South symmetric dip at ≈ 0.5 kpc
with an amplitude of ≈ 2 km s−1 that is a plausible velocity counterpart to the main
number-count dip at a similar height. Thus, with Gaia DR2 we confirm at high fidelity
that the local Galactic disc is undergoing a wave-like oscillation and a dynamically-
consistent observational picture of the perturbed local vertical structure emerges for
the first time. We also present the most precise and accurate determination of the
Sun’s height above the local Galactic mid-plane, correcting for any asymmetry in the
vertical density: z = 20.8 ± 0.3 pc.
Key words: Galaxy: disc — Galaxy: fundamental parameters — Galaxy: kinematics
and dynamics — Galaxy: structure — instabilities — solar neighbourhood
1 INTRODUCTION
The Milky Way is a complex system, the structure and dy-
namics of which are still being untangled. Much can be
learned about the structure and dynamics of the Milky Way
from observations of its vertical structure. Studies of the lo-
cal vertical structure were pioneered by Oort (1932) in his
study on the vertical force of the Galactic disc. Over the
past century, ever more detailed measurements of the verti-
cal structure and kinematics of stars has led to increasingly
precise determinations of the local mass distribution and dy-
namics (e.g., Bahcall 1984; Kuijken & Gilmore 1989; Holm-
berg & Flynn 2000; Bovy & Tremaine 2012). Until recently,
a common assumption in these studies is that the dynamics
of the local Galactic disc is in equilibrium and combined with
large stellar kinematic surveys, this assumption has allowed
for precise measurements of the mass distribution in the
Milky Way disc (e.g., Bovy & Rix 2013). However, recently,
clear non-equilibrium effects in the vertical structure in the
solar neighbourhood have been observed as a wave-like per-
turbation in the vertical number counts of stars (Widrow et
? E-mail: bennett@astro.utoronto.ca
† Alfred P. Sloan Fellow
al. 2012) and as a spiral pattern in the angular-momentum-
painted vertical phase-space distribution (Antoja et al. 2018;
Binney & Schoenrich 2018; Darling & Widrow 2018). These
both likely result from the dynamical influence of a fly-by
of a large satellite galaxy (e.g., Widrow et al. 2014). There-
fore, equilibrium is no longer an acceptable assumption. For
example, accounting for these deviations from equilibrium
can have important impacts on measurements of the sur-
face density of the disc and of the local dark-matter den-
sity assuming equilibrium (Banik et al. 2017). We aim to
provide a detailed measurement of the form and amplitude
of the wave-like oscillations in number counts and vertical
velocity as a first step in modelling their impact on the lo-
cal dynamics. Modelling vertical oscillations observed in the
density and velocity caused by dynamical perturbations can
tell us about not only the dynamical history of the disc, but
also about fundamental properties of the Galaxy itself, be-
cause the disc’s response depends on its internal structure
(Widrow & Bonner 2015).
The first evidence of a departure from equilibrium in the
vertical dynamics in the solar neighbourhood was discovered
by Widrow et al. (2012). They used the Sloan Digital Sky
Survey (SDSS) Sloan Extension for Galactic Understanding
and Exploration (SEGUE) data to calculate the asymmetry
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in the number counts of stars above and below the Galactic
mid-plane—we refer to this as the “north-south asymme-
try”. If the disc were in equilibrium, we would expect the
density to be distributed symmetrically about the Galactic
mid-plane and any deviation from this indicates the pres-
ence of a perturbing force and/or incomplete phase mixing.
Widrow et al. (2012) found an underlying wave-like pat-
tern in the number count density of stars. They also found
that the asymmetry is independent of colour and that it is
therefore a property of the disc itself and not of a single
group of stars. Further work on this was done by Yanny &
Gardner (2013) using the ninth data release of the SDSS.
They confirmed the original results of Widrow et al. (2012)
while performing a thorough analysis of the errors result-
ing from using photometric parallaxes. Little more has been
done on measuring the asymmetry in the solar neighbour-
hood because it requires the selection function of a survey to
recover the true number of stars in a volume and therefore
the density (Bovy 2017). Gaia DR2 is particularly useful
for these purposes as it contains geometric parallaxes which
have significantly less systematic errors than other distance
measurement techniques, and it is also complete over a wide
range of apparent magnitudes. It therefore provides us a ro-
bust sample of stars which we can use to look at the stellar
number counts and therefore the density of the Galactic disc.
The second indicator that the Galactic disc is out of
equilibrium and undergoing oscillations is the behavior of
the mean vertical velocity with distance from the mid-plane.
For an equilibrium distribution, the mean vertical velocity
should be zero at all heights. This was also first discussed
by Widrow et al. (2012) using the SDSS SEGUE data and
they found evidence of a breathing mode, that is, a north-
south asymmetry in the mean velocity. There have since
been surveys which have improved distance measurements
and allow improvements to the vertical velocity measure-
ment. Recently, Carrillo et al. (2018) performed a thorough
analysis using the Tycho-Gaia Astrometric Solution (TGAS)
catalogue and several different distance measurement tech-
niques combined with radial velocities from the Radial Ve-
locity Experiment (RAVE) to examine the mean vertical
velocities as a function of vertical height at different radii.
They found that the Galactic disc is undergoing a breath-
ing mode interior to the solar radius, while exterior to the
solar radius the velocities display a bending mode—a non-
vanishing mean vertical velocity that is symmetric with re-
spect to the mid-plane. Finally, with the release of Gaia
Data Release 2 (DR2), Gaia Collaboration et al. (2018c) in-
vestigated the kinematics in the solar neighbourhood. They
found evidence of a vertical velocity gradient at different
radii with amplitudes between 4-6 km s−1. The precision
of Gaia DR2 parallaxes allows for a much simpler analysis
of velocities with the accuracy required for detecting small
perturbations.
While at this point there is good evidence of a signif-
icant perturbation in both the stellar density and stellar
kinematics in the solar neighbourhood, the signals detected
in these two tracers are not consistent with each other. An
asymmetry in the density should correspond to a symmetric
velocity perturbation, but no plausible counterpart to the
wave structure in the density has been found so far in the
vertical kinematics. In this paper, we leverage the power of
Gaia DR2 to address this.
Gaia DR2 provides us with an unprecedented opportu-
nity to examine vertical waves in the solar neighbourhood.
Previous studies have had to rely on photometric or spectro-
scopic parallaxes or other methods of determining distances
(Widrow et al. 2012; Williams et al. 2013). With Gaia DR2,
we have a large number of stars with 5-dimensional parame-
ters, including geometric parallax, which allows us to investi-
gate the local vertical structure with extraordinary accuracy.
As mentioned, Gaia is also complete over a wide range of
magnitudes which allows us to calculate the number densi-
ties without the complication of a selection function (Gaia
Collaboration et al. 2018b). Finally, with radial velocities for
over 7 million stars, Gaia DR2 allows us to not only exam-
ine the density asymmetry, but also trends in the vertical
velocity in the solar neighbourhood to unprecedented levels
of precision (Gaia Collaboration et al. 2018c).
In this paper, we begin by outlining the data used for
measuring the number count asymmetry and the vertical
velocities, as well as what quality cuts were made, in Sec-
tion 2. Section 3 then examines the number counts above
and below the mid-plane for several different colour bins. We
outline the analysis necessary to obtain the asymmetry in
Section 3.1 and present our measurement of the vertical den-
sity asymmetry in Section 3.2. Section 4 applies the results
from the asymmetry analysis to fit the number counts to a
model which includes the asymmetry to obtain an accurate
estimate of the solar height above the mid-plane. Section 5
discusses the analysis and results of the mean vertical veloc-
ity signature in Gaia DR2. Finally, in Section 6 we conclude
the paper by comparing our results to those from previous
work and discussing the implications of our new measure-
ments of the vertical waves.
2 DATA
2.1 Number Counts
The first step in investigating perturbations to the vertical
structure of the Milky Way is looking at the stellar number
counts above and below the Galactic disc. The first impor-
tant question in relation to this is how complete Gaia DR2
is at different apparent magnitudes. To investigate this, we
compare the number counts of stars in Gaia DR2 to those in
the 2MASS Point Source Catalogue (Skrutskie et al. 2006),
which is > 99% complete down to magnitudes of J = 15.8
and K = 14.3 over almost the entire sky, except for a few re-
gions near the Galactic plane and within a few degree of the
Galactic centre. We compare the number counts of stars with
−0.25 < J − Ks < 1.25 in bins of ∆J = 1mag, which roughly
corresponds to −0.65 < GBP − GRP < 2.55 and thus encom-
passes the colour range that we consider below. Using the
official Gaia DR2–2MASS cross-match best-neighbour table
(Marrese et al. 2018), we find that typically ≈ 99% of stars in
2MASS are contained within the cross-match. Checking the
completeness of the cross match itself by computing the rel-
ative number of stars in Gaia DR2 that are contained in the
2MASS cross match, we find that the match completeness
is also ≈ 99%. Dividing the Gaia–2MASS completeness by
the match completeness in small regions of the sky, we find
that this equals 100% with an uncertainty of < 0.1% down
to J = 11. At fainter magnitudes, Gaia contains slightly
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Figure 1. Colour magnitude diagram using the white (G), red
(RP), and blue (BP) passbands from Gaia. The boxes outlined in
black show the different colour bins we use in the analysis. The
bottom panel shows the total number of stars in each bin after
both the selections described in Section 2 and the completeness
cuts described in Section 3 are applied.
more stars than 2MASS in exactly the locations on the sky
identified as having low completeness in the 2MASS doc-
umentation (primarily near the Galactic centre). Thus, we
conclude that Gaia DR2 is complete down to the 2MASS
completeness limit of J = 15.8. For typical stars that we
consider below, G − J ≈ 1.3 and for these stars Gaia DR2 is
therefore complete down to at least G = 17. Because Gaia’s
sky mapper CCD which detects stars that end up in the
catalogue uses the broad G-band filter, a detection or non-
detection of a star depends only on the magnitude of the
star in the G-band, not on the colour of the star. There-
fore, we expect the Gaia completeness to be independent of
colour. This completeness limit in fact applies to all types
of stars. We have checked the completeness up to a bright
magnitude of J = 3, leading to the conclusion that Gaia
DR2 is complete over at least the range 3 . G . 17. In
what follows, we select stars with a more conservative limit
of 7 < G < 17. We do this because, while Gaia appears to be
complete when comparing to 2MASS, Gaia Collaboration et
al. (2018b) explicitly reports that the survey is incomplete
at G < 7. Because there are not many stars or Galactic vol-
ume in the magnitude range between 3 and 7, we choose not
to include this magnitude range so that we can be confident
in the completeness.
When calculating the number count, we select main se-
quence stars in cylinders centered on the Sun with radii of
250 pc that are perpendicular to the disc’s mid-plane. We
choose to use main sequence stars for two reasons. First,
given the apparent magnitudes at which Gaia DR2 is com-
plete, main sequence stars have absolute magnitudes in a
range that allows us to probe both close to the disc (∼10 pc)
and further away (∼2 kpc). Second, and most importantly,
they trace the density of the disc with little dependence on
the star-formation history and therefore trace the total stel-
lar mass.
Because Gaia DR2 is complete over a range of apparent
magnitudes and there is a strong relation between colour and
absolute magnitude, it is easier to define volumes over which
Gaia DR2 is complete for stars in narrow colour ranges than
in one broad colour bin. Therefore, we split our sample by
colour. Additionally, if we measure an asymmetry in the ver-
tical number counts that is the same in all colour bins, we
can be confident that we are seeing a true, disc-dynamical
effect, rather than the result of a systematic error or of a
perturbation in a small subset of stars. To select the main
sequence for each colour bin, we need to make cuts on the
absolute magnitude of stars. We want to ensure that we are
looking at roughly the same percentage of main sequence
stars for each colour bin when we make these cuts. To do
this, we first look at a test case where we take stars in a
sphere with a radius of 250 pc centered on the Sun and plot
their colour magnitude diagram as shown in Figure 1. These
stars also have additional photometric and astrometric cuts
on error described by Gaia Collaboration et al. (2018a) in
Appendix B. Next, for each colour bin we calculate the num-
ber of stars at each magnitude and fit a Gaussian to the
main sequence peak. This allows us to remove objects like
white dwarfs and giants from our selection and ensure that
we are selecting a similar fraction of main-sequence stars
for each colour bin. Figure 2 shows the results of this fit
for three example colour bins spaced throughout our entire
colour range. In both the first and second plot, we clearly
see the ability of the fit to remove giants from our selection.
The magnitude cuts we choose are defined as the 2σ inter-
vals of this Gaussian fit and are shown as vertical dotted
lines in Figure 2. The resulting colour–absolute-magnitude
selections are shown as boxes in Figure 1.
We then use these bins to select our colour and absolute
magnitude cuts when querying the Gaia archive. We also
make quality cuts on parallax since we estimate the distances
as 1/parallax. This cut does effect the completeness of our
sample further out. The median uncertainties in parallax for
a sample of stars in a cylinder with a radius of 250 pc and
apparent magnitudes between 16.5 and 17 is approximately
0.095 mas. Since we cut on 20% error in parallax, that means
this cut restricts us to a cylinder approximately 2 kpc in
height. The final query that results from these cuts is given
by:
SELECT (1/parallax)*cos(RADIANS(b))*cos(RADIANS(l)) AS
x,
cos(RADIANS(b))*(1/parallax)*sin(RADIANS(l)) AS y,
(1/parallax)*sin(RADIANS(b)) AS z
FROM gaiadr2.gaia_source
WHERE parallax > 0
AND parallax_over_error > 5
AND (1/parallax)*cos(RADIANS(b)) < 0.25
AND phot_g_mean_mag BETWEEN 7 AND 17
AND bp_rp BETWEEN br_min AND br_max
AND -5*LOG(1000/parallax)/LOG(10)+5+phot_g_mean_mag
BETWEEN M_bright AND M_faint
MNRAS 000, 1–10 (2018)
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Figure 2. Number counts as a function of absolute magnitude for three different colour bins. The Gaussian fit to the peak of the main
sequence is shown by the blue line. The vertical dotted lines show the 2σ cut-off corresponding to the M_bright and M_faint magnitudes
cuts in our query.
We choose to not make cuts on the quality of the astro-
metric values of the sample recommended by Gaia Collabo-
ration et al. (2018a). A test of the effect of those quality cuts
on our analysis showed that they do not have a noticeable
effect on the main conclusions of the paper, but removed
approximately 10% of stars from each colour bin. Our fo-
cus is on completeness of the sample, so we chose not to
include these quality cuts and instead keep as many stars as
possible.
The variables br_min and br_max are the red and blue
cuts on colour for each bin, respectively, and are shown as
the vertical black lines in Figure 1. M_bright and M_faint
are the minimum and maximum absolute magnitude of each
colour bin, indicated by the horizontal black lines in Fig-
ure 1. Our raw data contains a total of 1,963,018 stars.
However, in Section 3 we discuss further cuts made in the
analysis related to the volume over which each colour range
is complete. The histogram in the bottom panel of Figure 1
represents the number of stars in each colour bin after we
have also done a cut on distance described in Section 3.
2.2 Velocities
We want to look at not only the departure from equilibrium
in the vertical density of the Milky Way, but also the signa-
ture in the vertical velocities. To do this, we use the radial
velocity sample from Gaia DR2 which includes over 7 million
stars (Gaia Collaboration et al. 2018b). As a comparison, we
also use radial velocity data from the APO Galactic Evolu-
tion Experiment (APOGEE) and the GALactic Archaeology
with HERMES (GALAH) survey, which allows us to com-
pare velocity trends across different surveys. To estimate dis-
tances to stars in these surveys, we match to the entire Gaia
DR2 catalogue. To download and match the APOGEE and
GALAH data to Gaia DR2, we use the gaia_tools Python
package1 (Bovy 2017).
None of the surveys we use have a selection cut on ve-
locity, therefore it is accurate to assume the radial velocity
1 https://github.com/jobovy/gaia_tools
sample provides unbiased kinematics at any position. This
means that there are no preferred velocities in the sample
and our data sets are therefore an accurate sampling of ve-
locities of all stars at a given location in the Milky Way. For
radial velocities, like the number count sample, we cut on
the error in parallax in order to obtain accurate distances.
This is the only cut we make to the sample to keep it as
complete as possible.
SELECT radial_velocity, radial_velocity_error,
ra, dec, parallax, parallax_error, pmra, pmra_error,
pmdec, pmdec_error
FROM gaiadr2.gaia_source
WHERE parallax IS NOT Null AND parallax_over_error>5.
AND radial_velocity IS NOT Null
Radial velocities require brighter stars and, to sample
the same volume as covered by our number-counts sample
described above, therefore need intrinsically brighter stars.
Thus, all three of the radial velocity surveys have GBP−GRP
colours comparable with the bluer bins from our number
count sample. The exact location of the samples in colour
and absolute magnitude are shown in Figure 3. Unlike the
number counts, we plot the colour and magnitude of the
stars actually in our sample after all cuts have been made
and not an example subset. The radial velocity samples also
include a fair number of giants which have evolved off the
main sequence. The Gaia RV sample has over 6 million stars
and the GALAH and APOGEE sample each have approx-
imately 300,000 stars. After the distance cuts described in
Section 5, the Gaia RV sample has a total of 864,268 stars,
GALAH contains 160,686 stars, and the APOGEE sample
consists of 85,234 stars.
3 VERTICAL COUNTS IN Gaia DR2
3.1 Analysis
Before calculating the asymmetry, there are a few correc-
tions to the data which need to be made. First, we know the
apparent magnitudes over which the samples are complete,
MNRAS 000, 1–10 (2018)
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Figure 3. Colour-magnitude diagrams for the three different radial velocity samples used to examine the mean vertical velocity trends.
Beyond the query discussed in Section 2, these stars have also undergone a distance cut outlined in Section 5.
but we need to consider what physical distances correspond
to these magnitudes. Second, we need to determine the ver-
tical height of the Sun above the mid-plane, z. This is nec-
essary, because the raw vertical distances are measured with
respect to the Sun and we need to correct these to be with
respect to the mid-plane before computing the asymmetry.
The height of our cylinders over which each colour sam-
ple is complete is determined by the apparent magnitudes
at which Gaia DR2 is complete and the absolute-magnitude
range of the colour sample. Using these, we can use the dis-
tance modulus to calculate distances over which the cylin-
der is complete. The bright limit (apparent magnitude of 7
and M_bright) tells us how close to the plane our sample
is complete, d1. The faint limit (apparent magnitude of 17
and M_faint) tells us the furthest distance, d2, at which the
cylinder is complete.
d1 = 10
7−M bright
5 −2 d2 = 10
17−M faint
5 −2
This is not equivalent to the height at which the cylinder
is complete, because we also have to account for the radius
of the cylinder. This means that for a given colour bin, the
maximum height at which our colour bin is complete is ac-
tually given by
h =
√
d22 − (0.25 kpc)2 (1)
In our analysis, we take the minimum of h and 2 kpc, for
reasons outlined in Section 2. The number of stars included
in each colour bin after these cuts on distance are included
in the bottom panel of Figure 1. The total number of stars
across all colour bins is approximately 1.8 million stars.
The fact that the Sun is not perfectly located in the
Galactic mid-plane manifests as a shift in the number
counts, an effect that needs to be corrected before calcu-
lating the asymmetry in the number counts. To do this, we
fit a two component model to number counts in bins of width
∆z = 25 pc:
N(zobs) = N0
(
sech2
(
zobs + z
2H1
)
+ f sech2
(
zobs + z
2H2
))
(2)
Where zobs is the heliocentric vertical height of each verti-
cal cylindrical bin, N0 is simply a scaling factor, z is the
vertical position of the Sun, f describes the relative impor-
tance of each component, and finally H1 and H2 are roughly
equivalent to scale heights of each component.
Since we are dealing with number counts and some of
the bins in z contain on the order of 10 stars, the uncertainty
in our data is described not by a Gaussian distribution, but
by a Poisson distribution. This means that the likelihood is
given by:
ln p(Nobs |N) =
∑
i
[−Ni + Nobs,i ln(Ni) − ln(Nobs,i!)] , (3)
where Ni is shorthand for N(zi) from Equation 2, Nobs,i is
Nobs(zi) and is the true observed number count and zi is
simply the midpoint of the different bins in vertical posi-
tion. The last term is independent of the models and simply
adds a constant term to the likelihood for all models and is
therefore ignored in the maximum likelihood estimator. For
the priors, we assume a uniform distribution between rea-
sonable values for the parameters of Equation 2. We first find
the maximum-likelihood parameters using optimization and
then we use this as an initial estimate for a Markov Chain
Monte Carlo analysis. We perform this analysis for each
colour bin separately, but in the end are mainly interested in
obtaining a combined value for the solar position z, because
this is what is used to correct the observed vertical heights.
The uncertainties on the solar position are approximately
equal for all colour bins, so we take the mean of all best fit
values to represent the true position of the Sun. Through
bootstrapping, we get a mean value of z = 20.3 ± 0.7 pc.
The best fits as well as the raw number counts are shown
in Figure 4. Each colour bin is labeled by its br_min value
and the points are colour-coded such that the bluer bins
are blue and redder bins are yellow. We also see a signif-
icant decrease in the range over which the sample is com-
plete, between approximately 2.5 kpc for the bluest bin, to
around 0.2 kpc for the reddest bin. This behaviour is ex-
pected based on the associated magnitude ranges in Fig-
ure 1. The bottom panel shows the normalized residuals,
δ(z) = (N-model)/model. Much like Widrow et al. (2012),
they show an underlying oscillatory pattern to the number
counts.
These patterns are an indication of a departure from
MNRAS 000, 1–10 (2018)
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Figure 4. The raw number counts shifted by the average vertical position of the Sun, 20.3 pc, so that zero is the Galactic mid-plane.
The dashed lines are the best fit two-component models. The different colours represent different colour bins and are labeled by their
associated br_min value. The number counts have been artificially shifted along the y-axis to show trends as colour changes and not
overlap. The bottom panel in both figures is the normalized residuals of the best fit. The residuals display a clear wave-like pattern that
is the same in all colour bins.
equilibrium in the Galactic disc. We can further characterize
the perturbations to the disc by looking at the asymmetry
parameter:
A(z) = n(z) − n(−z)
n(z) + n(−z), (4)
where n(z) is the true number count and not the equilibrium
number count given by N(z). To calculate this, we first adjust
the vertical position of each star to account for the Sun’s
position, this ensures that the zero point is the mid-plane
and not our location. Next, compute the number counts in
bins in the corrected vertical position, and then use these
raw number counts to calculate the asymmetry parameter.
3.2 Results
The result of the analysis is shown in Figure 5. The colour
bins follow the same colour coding used in Figure 4. We
then calculate the median and its uncertainties using a boot-
strapping technique for different vertical heights across all
the different colour bins. The median is plotted as the black
triangles in Figure 5. The black error bar on the bottom
of Figure 5 shows the median of the uncertainties for each
vertical bin and the purple error bar indicates the spread of
the points. By comparing these two, it is evident that the
spread in the asymmetry across colours can be explained by
the errors in the points.
The asymmetry clearly has an oscillatory behaviour.
The trend also seems to be independent of colour bin which
suggests it is a feature of the dynamics of the disc and there-
fore shares a common cause. Some of the notable features
are the large dip just shy of 0.5 kpc and the peak at 0.7 kpc.
This supports that the Galactic disc is undergoing some sort
of wave perturbation as seen by previous works. We discuss
this new measurement of the asymmetry and how it relates
to previous measurements in more detail in Section 4 below.
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Figure 5. Asymmetry in the vertical number counts as a function
of vertical height. The smaller dots correspond to the different
colour bins (colour coded as they were in Figure 4). The typical
error bar on each point is shown below (black) along with the
spread of the points (purple). The larger triangles represent the
median for different bins in vertical height.
4 SOLAR HEIGHT ABOVE THE PLANE
As an example of how important considering the departure
from equilibrium can be, we look at how including the asym-
metry in the number counts affects the vertical position of
the Sun with respect to the mid-plane. We define the lo-
cal mid-plane as the peak in the symmetric component of
the vertical stellar density. We can measure this from the
observed number counts by accounting for the asymmetry
that we determined above. However, this measurement of
the vertical height is only correct up to an over-all bending
mode of the disk. If there is a displacement of the entire
disk, it would not be evident from our local analysis. In our
original fits, we assume the asymmetry is small enough that
it will not greatly affect the best fit parameters. However,
when we examine the solar position for the different colours,
there is a drop in the redder bins, as shown by the trian-
gles in Figure 6. These also happen to be the bins which
are complete over a smaller height. Therefore, it is the most
difficult to decouple the number count peak from waves due
to asymmetry in these colour bins.
The goal of this section is to see how accounting for the
asymmetry in our model improves the solar height recovered
from our best fit. This requires knowing the dependence of
the true number count, n(z), on the asymmetry parameter,
A(z), and the equilibrium number counts, N(z). The number
count asymmetry is anti-symmetric therefore, the underly-
ing equilibrium number count can also be calculated via:
N(z) = n(z) + n(−z)
2
, (5)
We can then use this equation in combination with Equa-
tion (4) to find the following relation:
n(z) =
{
N(z) [1 − A(z)] if z ≤ 0
N(z) [1 + A(z)] if z > 0 . (6)
We estimate the form of the asymmetry by fitting a spline
to the median asymmetry shown by triangles in Figure 5.
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Figure 6. The vertical position of the Sun, z, as a function of
the different colour bins. The colour bins are again labeled by
their br_min value. The triangles indicate the original best fit
values and the points show the best fit when accounting for the
asymmetry in the number counts. In both cases, uncertainties
are calculated using an MCMC analysis. When accounting for
the asymmetry, the redder colour bins give values for z that
are inconsistent with those of the bluer bins. Correcting for the
asymmetry gives a consistent result for all colour bins and an
overall best value of z = 20.8 ± 0.3 pc.
Then we fit the observed number counts again using Equa-
tion 6, where N(z) is given by Equation 2. By accounting
for this additional behaviour in the number counts, the es-
timated solar height is improved and becomes 20.8 ± 0.3 pc.
Figure 6 also shows that the trend at redder colours has been
corrected by this new method. The points connected by a
solid line show the solar position for different colour bins
when accounting for the asymmetry, while the previous re-
sults are shown by the triangles and dashed line. At a colour
of 1.7, the initial values of z start to drop off. This has
clearly been corrected when accounting for the asymmetry.
We can therefore conclude, that even though the asymme-
try is small, it is not always acceptable to ignore its effects
on the system. Our measurement of the solar height above
the Galactic mid-plane of 20.8 ± 0.3 pc agrees with values
typical of previous measurements which vary between ap-
proximately 15 to 25 pc (e.g., Binney et al. 1997; Chen et
al. 2001; Juric´ et al. 2008). The error on these types of mea-
surements is typically on the order of a few parsecs, which we
have greatly improved upon. However, some recent methods
have improved upon this error margin. In particular, Bovy
(2017) found a vertical height of z = −0.9 ± 0.9. However,
when he compares to measurements from subgiants, lower
red giant branch, and red clump stars, the measured value is
much larger. The discrepancy between the two groups could
be explained by our analysis. The measurements of the num-
ber density profiles by Bovy (2017) extend, at most, out to
0.4 kpc and to even smaller heights for the earlier stellar
types that give small z. Our analysis suggests that decou-
pling the height of the Sun above the Galactic mid-plane
requires measurements out to greater heights if you do not
account for the number count asymmetry.
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Figure 7. Running median of the vertical velocity as a function of
vertical height. The three panels use different sets of data for the
radial velocities: Gaia (top), GALAH (middle), and APOGEE
(bottom). The samples are within a 2 kpc, 500 pc and 250 pc
cylinder centered on the Sun, respectively.
5 VERTICAL VELOCITIES
Looking at just the number counts does not provide enough
information about the Galactic disc to decouple the differ-
ent perturbed modes. For an equilibrium system, the aver-
age vertical velocity should be zero across all heights, with as
many stars traveling upwards as downwards. Any amplitude
in the velocity indicates a departure from equilibrium. For
this reason, we also look at the vertical velocities using the
three surveys described in Section 2.2. There is a fairly large
range of colours and magnitudes in these samples. However,
the analysis of the number count asymmetry revealed that
the perturbed behaviour is an intrinsic property of the disc
and not just of a certain group of stars. This means that re-
gardless of the stellar types, including giants, the behaviour
is representative of the entire solar neighbourhood. A match-
ing signal in the mean vertical velocity should therefore be
present in the same form in dwarfs and giants.
To look at the trends in the vertical velocity, we use the
radial velocity and proper motion in the radial ascension
and declination. They are first transformed to the rectangu-
lar Galactic coordinate frame using the galpy.util Python
package2 (Bovy 2015). We then calculate the running me-
dian of the sample ordered by vertical height for each sur-
vey and correct for the Sun’s velocity by adding 7.25 km s−1
(Scho¨nrich et al. 2010). This works by calculating the me-
dian in a rolling window with a set size. This ensures that
there are always enough points in each bin for the errors on
the median to be small. The error in each point is estimated
as approximately Gaussian.
The distances for all samples are calculated using the
Gaia DR2 parallaxes and are restricted to maximum 20%
error. For the GALAH sample, we look at stars within 2 kpc
of the Sun so that we have enough data to look out to similar
ranges to APOGEE and Gaia. This results in a sample with
160,686 stars. For the APOGEE data, we restrict the data
set to within 0.5 kpc of the Sun which leaves us with 85,234
stars. Finally, with the Gaia radial-velocity data we restrict
the sample to stars in a 250 pc cylinder around the Sun like
we did for the number count samples.
Figure 7 shows the median velocities for Gaia, GALAH
and APOGEE in order from top to bottom. For the
APOGEE sample, we have restricted the plot to only the
North, as there were not enough stars in the South to dis-
tinguish patterns. All three show evidence of a dip in veloci-
ties around 0.5 kpc above the mid-plane. Additionally, there
appears to be a drop in velocity 0.5 kpc below in both the
GALAH and Gaia samples. By and large, the trends seen
in the different surveys are similar.
Furthermore, Gaia looks like it might have additional
structure in the velocities closer to the mid-plane. To inves-
tigate this structure, we choose to calculate the median in
bins of constant width as well as their uncertainties using
a bootstrapping technique. This is shown in Figure 8 where
each bin is 25 pc within 0.5 kpc of the Sun and a width of
100 pc further out. The dips at z = ±0.5 kpc are consistent
with those seen in the running mean.
6 DISCUSSION AND CONCLUSIONS
Our goal in this paper was to use Gaia DR2 to assess the
current state of the departure from vertical equilibrium in
the Galactic disc using both the number count asymmetry
and trends in the vertical velocity. The initial measurement
of the asymmetry was made by Widrow et al. (2012) with
only 300,000 main sequence stars. Yanny & Gardner (2013)
were able to include a larger sample of stars, but still had to
rely on spectroscopic parallax to recover distances. Finally,
both of the previous analyses did not have access to a sur-
vey with full-sky coverage which complicates the selection
function as you do not have equal volumes above and be-
low the Galactic mid-plane. We are fortunate to be able to
use Gaia DR2, which has the advantage of having geomet-
ric parallaxes, full-sky completeness, and a large number of
stars and mitigates these areas of uncertainty in the analy-
sis when compared to previous surveys. Figure 8 shows the
asymmetry using the new z calculated in Section 4. The
dip in the number count asymmetry at approximately 0.4
kpc is consistent with previous works. Our study is able to
probe closer to the galactic mid-plane than has been done
2 http://github.com/jobovy/galpy
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Figure 8. The top panel shows the number count asymmetry
using z = 20.8 pc within a height of 1 kpc. It has been plotted
for both positive and negative values to show the alignment with
features in the velocity. The bottom panel shows the median ver-
tical velocity using the Gaia DR2 radial velocity sample within a
250 pc radius cylinder centered on the Sun. The bins have a con-
stant width of 25 pc for |z | < 500 pc and constant width of 100
pc outside of that range. The number count asymmetry and the
mean vertical velocity show trends that are plausibly dynamically
consistent: the density asymmetry is accompanied by a symmetric
velocity dip.
before and therefore observe the continuation of the wave
through the plane. While previous studies have found peaks
at approximately 0.8 kpc, we uncover additional structure
with double peaks at 0.7 kpc and 1.1 kpc. Yanny & Gardner
(2013) also found the same gradual dip in the asymmetry
further out than 1 kpc. Overall, our asymmetry measure-
ments agrees with previous studies, but places these on a
firmer basis and we find some possible additional structure.
We further investigated trends in the vertical velocity
above and below the Galactic mid-plane. We find a sym-
metric dip at approximately ±0.5 kpc. This dip can also be
seen in the measurement of the mean vertical velocity in
Figure C.7 of Gaia Collaboration et al. (2018c). It is diffi-
cult to compare to other velocity measurements because the
signal we see is approximately 2 km s−1 at its largest value,
and previous large surveys in the solar neighbourhood have
not had the benefit of that level of accuracy. Carrillo et al.
(2018) look at the vertical velocity trends over a range of
radii, and similar trends can be seen in their 8 < R < 9
kpc range. The large number of stars in Gaia DR2 allow us
to examine unprecedented structure in the velocity, includ-
ing even smaller fluctuations near the mid-plane. However,
our velocity measurements do not extend as far vertically as
previous studies.
We also compute the amplitude of the breathing mode
as vbreath = 0.5 [W(z) −W(−z)] using the mean vertical ve-
locities W(z) from Figure 8 and find that it is consistently
< 1 km s−1. In fact, the amplitude of the breathing mode
is zero within the uncertainty at all heights. This is sur-
prising considering that the first detection of oscillations
in the Galactic disc concluded there was a breathing mode
(Widrow et al. 2012). However, the results are consistent
with observations made by Gaia Collaboration et al. (2018c).
In their Figure C.6, they plot the amplitudes of the breath-
ing mode for different heights and locations in the plane as
well as the bending mode amplitudes. Especially close to
the mid-plane, there appears to be a much stronger bending
than breathing mode. We therefore conclude that there is
no discernible breathing mode in the solar neighbourhood
within 1 kpc of the mid-plane.
Figure 8 summarizes our findings: we plot the density
asymmetry in the top panel and the mean-velocity trend in
the bottom panel. As pointed out by Widrow et al. (2012),
an asymmetry in the density cannot be caused by an overall
bending of the local disc plane, which would simply offset
the entire density distribution without changing its shape,
or by a breathing mode, which would cause density pertur-
bations symmetric around the mid-plane. An asymmetry in
the density must be accompanied by a mean-velocity sig-
nal that is symmetric around the mid-plane. This is exactly
what we observe in Figure 8: the mean vertical velocity has
a symmetric dip on a similar scale, ≈ 0.5 kpc, as the largest
asymmetric feature in the density. Thus, we may for the first
time be seeing the same local, vertical perturbation in both
the density and vertical velocity.
The question now becomes, what can we learn from
these observations? The coherence across the different colour
bins means that stars of all ages are undergoing the same os-
cillatory motion. This suggests it was a singular dynamical
event which excited the waves in the disc, a concept which is
supported by other recent analyses (Widrow et al. 2014; An-
toja et al. 2018). Future work modeling the impact of pertur-
bations, such as those from a satellite fly-by, will benefit from
having the detailed density and velocity perturbations that
we present in Figure 8 and, by using this information, may
be able to unambiguously determine the properties of the
perturber. Finally, accounting for the perturbations to the
vertical dynamics will be important in any work attempt-
ing to measure the local disc and dark-matter density from
modeling the local stellar dynamics. As a small first step
in this direction, we have shown that the determination of
the Sun’s offset from the Galactic mid-plane is affected by
the density asymmetry. Taking the asymmetry into account,
we have been able to provide the most precise and accurate
measurement of the Sun’s position: z = 20.8 ± 0.3 pc.
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